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Background: Vascular endothelial growth factor (VEGF) and its receptors (VEGFRs) are key regulators of angiogenesis, affecting
endothelial cell survival and function. However, the effect of VEGF-VEGFR signalling on tumour cell function is not well
understood. Our previous studies in colorectal cancer (CRC) cells have demonstrated an intracrine VEGF/VEGFR1 signalling
mechanism that mediates CRC cell survival and chemo-sensitivity. Since extracellular VEGF signalling regulates migration of
endothelial cells and various tumour cells, we attempted to determine whether intracrine VEGF signalling affects CRC cell motility.

Methods: Migration and invasion of CRC cells, with and without VEGF or VEGFR1 depletion, were assayed using transwell
migration chambers. Changes in cell morphology, epithelial-mesenchymal transition (EMT) markers, and markers of cell motility
were assessed by immunostaining and western blot.

Results: Depletion of intracellular VEGF and VEGFR1 in multiple CRC cell lines led to strong inhibition of migration and invasion
of CRC cells. Except for Twist, there were no significant differences in markers of EMT between control and VEGF/VEGFR1-
depleted CRC cells. However, VEGF/VEGFR1-depleted CRC cells demonstrated a significant reduction in levels of
phosphorylated focal adhesion kinase and its upstream regulators pcMET and pEGFR.

Conclusions: Inhibition of intracrine VEGF signalling strongly inhibits CRC cell migration and invasion by regulating proteins
involved in cell motility.

Vascular endothelial growth factor (VEGF) is a key regulator of
angiogenesis and vascular function. Vascular endothelial growth
factor promotes angiogenesis in numerous pathologic conditions,
including cancer and ocular diseases (Connolly et al, 1989; Leung et al,
1989; Plouet et al, 1989). Its importance in development and
physiology is demonstrated by embryonic lethality in mice with
deletion of a single VEGF allele (Ferrara et al, 1996; Gerber et al, 1999).
Vascular endothelial growth factor is also the most prominent growth
factor to mediate endothelial cell proliferation and survival (Gerber
et al, 1998a,b). These effects are attributed to well-studied canonical
paracrine and autocrine VEGF signalling effects on endothelial cells
(Lee et al, 2007a). The mechanisms of VEGF signalling in angiogenesis
have been extensively studied (Ferrara et al, 2003).

Although the effects of VEGF and its receptors have been well
characterised in endothelial cells, the role of VEGF in tumour cell

function remains poorly understood. Lee et al (2007b) showed that
an intracrine pathway might mediate cell survival in breast cancer
cells. Work from our laboratory has demonstrated that VEGF plays
an important role in tumour cell survival and modulates the
sensitivity of tumour cells to chemotherapy (Samuel et al, 2011).
Our studies utilising depletion of VEGF by somatic knockout of
the VEGF gene (Samuel et al, 2011) or by siRNA knockdown in
human colorectal cancer (CRC) cell lines (Bhattacharya et al, 2016)
have demonstrated that loss of VEGF expression significantly
decreased cell proliferation, increased apoptosis, and enhanced
chemo-sensitivity of CRC cells (Samuel et al, 2011; Bhattacharya
et al, 2016). Importantly, these effects were not mediated in an
autocrine or paracrine fashion, as neutralisation of extracellular
VEGF with a monoclonal antibody or inhibition of VEGF receptor
(VEGFR) kinase activity did not alter cell survival. These findings
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suggest that the intracellular effects of VEGF were independent of
canonical VEGF-VEGFR activity (Samuel et al, 2011; Bhattacharya
et al, 2016). Cumulatively, these studies demonstrated that VEGF
functions in CRC cells via a novel intracrine mechanism that is
distinct from the established paracrine or autocrine roles of VEGF
in angiogenesis. These intracrine effects were mediated through
VEGF by regulation of the activity of multiple receptor tyrosine
kinases (RTKs; e.g., EGFR and cMET) and downstream AKT
signalling (Bhattacharya et al, 2016) in CRC cells. Similar effects in
these cells were observed upon depletion of VEGFR1, supporting
the role of a novel intracellular VEGF-VEGFR1 complex in CRC
cell survival (Bhattacharya et al, 2016).

Apart from its pro-survival effects, VEGF signalling also
mediates migration in numerous cell types. Previous studies have
shown that VEGF signalling induces migration of endothelial cells
in normal physiologic processes and in tumours (Koch and
Claesson-Welsh, 2012). Inhibition of paracrine VEGF signalling
has been shown to inhibit endothelial cell motility (Podar et al,
2006; Costa et al, 2009). Our studies and studies from other groups
have also shown that paracrine/autocrine VEGF signalling,
through its receptors, mediates migration of various tumour cells
(Fan et al, 2005; Lu et al, 2012; Sennino et al, 2012). Since VEGF
signalling has been shown to mediate migration of endothelial cells
and various tumour cells and since our prior studies demonstrated
the presence of an intracrine signalling pathway in CRC cells, we
sought to determine whether inhibition of intracrine VEGF
signalling affects CRC cell motility. In this study, we show that
inhibition of intracrine VEGF signalling strongly reduces CRC cell
migration and invasion. Our study also indicates that these changes
in migration are not due to epithelial-mesenchymal transition
(EMT)-like changes in CRC cells but, rather, are due to a decrease
in the activity of proteins associated with cell motility.

MATERIALS AND METHODS

Cell culture. The human CRC cell lines HCT116, SW480, SW620,
and HT29 were purchased from American Type Culture Collection
(ATCC; Manassas, VA, USA). The CRC cells were cultured in
minimum essential medium (MEM) supplemented with 10% foetal
bovine serum (FBS; Atlanta Biologicals, Flowery Branch, GA, USA)
and the recommended concentrations of vitamins, nonessential
amino acids, penicillin/streptomycin, sodium pyruvate, and
L-glutamine (Thermo Fisher Scientific, Waltham, MA, USA). All
experiments were performed using cells within 10–12 passages.
The plasmid expressing FLAG-cMET was a generous gift from Dr
Mien-Chie Hung (Du et al, 2016) at The University of Texas MD
Anderson Cancer Center, and the plasmid expressing green
fluorescent protein (GFP)–focal adhesion kinase (FAK; Gu et al,
1999) was obtained from Addgene (Cambridge, MA, USA).

Reagents. Recombinant human VEGF-A was purchased from
R&D Systems, Inc. (Minneapolis, MN, USA) and used at
20 ng ml� 1. Bevacizumab was obtained from the pharmacy at
MD Anderson Cancer Center. Human immunoglobulin G (IgG)
was purchased from Innovative Research, Inc. (Novi, MI, USA).
Pazopanib and axitinib (VEGFR1 inhibitors) and defactinib (a
FAK inhibitor) were purchased from Selleck Chemicals (Houston,
TX, USA).

Western blotting. Proteins in cell lysates or concentrated super-
natant media (CM) (concentrated by Ultracel-3K centrifugal filter
units; EMD Millipore, Billerica, MA, USA) were separated by
sodium dodecyl sulphate polyacrylamide gel electrophoresis
following standard protocol and transferred to Immobilon
polyvinylidene membranes (EMD Millipore). Membranes were
blocked with 5% milk in Tris-buffered saline with 0.1% Tween 20
(TBST) for 1 h followed by incubation with primary antibody

(diluted in blocking buffer or 2% bovine serum albumin in TBST)
overnight. Membranes were then washed three times in TBST and
re-incubated with horseradish peroxidase-labelled secondary anti-
bodies for 1 h, washed three times in TBST, and exposed to
autoradiography films. Signals were detected by chemilumines-
cence (Thermo Fisher Scientific). Antibodies for N-cadherin,
E-cadherin, pcMET Y1234/Y1235, pEGFR Y1068, pFAK Y925,
pSRC Y416, vimentin, Snail, and Twist were from Cell Signaling
Technology (Danvers, MA, USA). The antibody against pVEGFR1
(Y1213) was purchased from R&D Systems Inc.. Antibodies for
VEGF, vinculin, a-tubulin, Zeb1, and actin were from Santa Cruz
Biotechnology (Dallas, TX, USA). All antibodies were used
according to manufacturers’ specifications. All cell lysates were
prepared in radioimmunoprecipitation assay buffer with protease
and phosphatase inhibitors.

siRNA knockdown. A mixture of three different siRNAs targeting
all isoforms of human VEGF were used to deplete VEGF in CRC
cells (Bhattacharya et al, 2016). Similarly, VEGFR1 was depleted
using a mixture of two different siRNAs targeting the N-terminus
of VEGFR1 as previously described (Bhattacharya et al, 2016). A
validated non-targeting siRNA obtained from Sigma-Aldrich (St.
Louis, MO, USA) was used as a control. Lipofectamine 2000 siRNA
transfection reagent was used according to the manufacturer’s
instructions (Thermo Fisher Scientific). The siRNA knockdown
experiments were performed in six-well dishes in regular cell
culture medium containing 5% FBS and without antibiotics.
Twenty-four hours after transfections, cells were washed with
phosphate-buffered saline (PBS) and cultured with MEM supple-
mented with 1% FBS and antibiotics. Forty-eight hours later,
supernatant media were collected and assayed for VEGF depletion,
or cells were lysed and assayed for various proteins.

For cMET depletion, siRNAs targeting cMET (Silencer Select
siRNA #4390824; Thermo Fisher Scientific) were used according to
the manufacturer’s protocol.

Migration and invasion assays. Cell migration in response to
increased serum concentrations was assessed using modified
Boyden chambers according to the manufacturer’s protocol
(Corning, Bedford, MA, USA). In brief, CRC cells were transfected
with control-siRNA, VEGF- siRNA, or VEGFR1-siRNA. Approxi-
mately 48 h after transfection, HCT116 (50 000 cells), SW480 cells
(100 000 cells), SW620 (100 000 cells), or HT29 (100 000 cells) in
1% MEM-FBS were incubated on membrane inserts with 8.0-mm
pores in 24-well plates. Chemo-attractants (10% MEM-FBS) were
placed in the bottom wells. After 24 h (HCT116) or 48 h (other cell
lines), cells that did not migrate were removed from the top side of
the inserts with a cotton swab. Cells that had migrated to the
underside of the inserts were stained with Diff-Quik (Harleco,
Gibbstown, NJ, USA) and counted from at least three random
fields at � 200 magnification.

For invasion assays, similar methods were used, except that the
cells were placed in the top compartment of modified Boyden
chambers with Matrigel-coated membrane inserts (Corning). The
numbers of invading cells were quantified from five random fields
at � 200 magnification.

Immunofluorescent staining. CRC cells were grown on round
coverslips and fixed with 2% paraformaldehyde in PBS. Next, slides
were treated with PBS containing 1% Tween 20 to permeabilise
the cells and washed three times with TBST. Slides were then
blocked in 8% fish gelatin in TBST (blocking buffer). After three
washes in TBST, slides were incubated with primary antibodies
diluted in blocking buffer for 1 h at room temperature. Slides were
then washed again as above and incubated with secondary
antibodies diluted in blocking buffer for 1 h at room temperature.
Stained cells were then visualised using a confocal microscope
with � 40 or � 60 oil objectives, and images were obtained with a
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charge-coupled device camera. DNA was visualised by staining
with 40,6-diamidino-2-phenylindole. Antibodies targeting E-cad-
herin (BD Biosciences, San Jose, CA, USA), b-catenin (EMD
Millipore), and ZO-1 (Zymed Laboratories, South San Francisco,
CA, USA) were used at 1 : 200 dilution in blocking buffer.

Phosphatase treatments. HCT116 cells were transfected with
VEGF-targeting siRNAs, and 24 h after transfection, the medium
was replaced by MEM with 1% FBS and antibiotics, and the cells
were further incubated for 24 h. Next, the cells were treated with
sterile 100 mM Na3VO4 (sodium orthovanadate) for B8 h,
trypsinized, and re-plated on membrane inserts with 8.0-mm pores
for migration assays in the presence of sterile 100 mM Na3VO4.
Control-siRNA-transfected cells were treated similarly. Untreated
CRC cells transfected with control-siRNA or VEGF-siRNA were
assayed as controls.

Statistical analyses. All graphical calculations and plotting of
numerical data were performed using Excel (Microsoft, Redmond,
WA, USA). All data are expressed as mean±standard error. The
statistical significance of differences between experimental groups
was determined by Student’s t-test, and P-values o0.05 were
considered significant.

RESULTS

Depleting VEGF led to reduced migration in CRC cells. In our
previous studies, we determined that inhibition of intracrine VEGF
signalling reduced CRC cell survival (Samuel et al, 2011;
Bhattacharya et al, 2016). These effects were due to VEGF-
regulated phosphatase or phosphatases that reduced survival
signalling in CRC cells. To determine whether VEGF depletion
also affects cellular processes that are involved in tumour
metastasis, we measured the effects of VEGF depletion on
migration and invasion of tumour cells. Four CRC cell lines with
different genetic backgrounds – HCT116, SW480, SW620, and
HT29 – were transiently transfected with VEGF-targeting siRNAs
(VEGF-siRNAs), and migration was determined using in vitro
transwell migration assays with high (10%) FBS-containing media
as the chemo-attractant. CRC cells transfected with a non-targeting
siRNA were used as controls. Also, control-siRNA-transfected
CRC cells were further treated with bevacizumab or human IgG
(control) to rule out the involvement of paracrine or autocrine
VEGF signalling effects on CRC cell migration. The depletion of
VEGF was verified by measuring secreted VEGF in supernatant
media of transiently transfected CRC cells (Figure 1A). All cell
types demonstrated a significant reduction in cell migration upon
intracellular VEGF depletion with siRNA (Figure 1B). However,
inhibiting extracellular VEGF with high doses of bevacizumab
failed to alter cell migration (Figure 1B).

Our previous studies have shown that VEGF-siRNA transfec-
tion leads to a B30% increase in HCT116 cell apoptosis
(Bhattacharya et al, 2016), while control-siRNA transfection does
not affect HCT116 cell survival. Hence, VEGF-siRNA-treated
HCT116 cells were plated at twice the number (100 000 cells) than
control-siRNA-treated HCT116 cells (50 000 cells), to compensate
for possible loss in number of migrating cells due to cell death
during the assay. Even this doubling of initial cell number failed to
increase the migration rates of VEGF-depleted cells
(Supplementary Figure 2), indicating that cell survival was not
the determining factor in the altered migration of the VEGF-
depleted cells.

To demonstrate that VEGF depletion also affects migration in
other tumour cell types, we performed limited studies with MKN74
(gastric cancer cell line), SKOV3IP and HeyA8 (ovarian cancer cell
lines) and MDA MB231 (breast cancer cell line). Previously
published literature and unpublished studies indicated a possible

intracrine VEGF signalling axis in these cell types. Depletion of
VEGF resulted in significant reduction in migration in these cell
lines (Supplementary Figure 1).

Invasion is significantly reduced in VEGF-depleted CRC cells.
Next, we used HCT116 and SW480 cells to determine the effects of
VEGF depletion on invasion in response to stimuli (high serum).
Again, HCT116 and SW480 cells transfected with VEGF-siRNA
invaded the membranes at significantly lower rates than did cells
treated with control-siRNA (Figure 1C). Bevacizumab treatment
had no effect on cell invasion (Figure 1C). We have not shown
results for HT29 and SW620 cell invasion, as those cells failed to
invade through the Matrigel-coated membranes within our
experimental time period of 48 h and thus could not be used for
the study.

VEGF depletion does not affect EMT molecular alterations in
CRC cells. Tumour cell motility and invasion can be altered by
changes in properties that dictate EMT (Kalluri and Weinberg,
2009; Scheel and Weinberg, 2012). To determine whether
intracellular VEGF signalling regulated EMT in CRC cells, we
looked for changes in the known molecular markers of EMT.
Initial morphologic examination of CRC cells treated with either
control-siRNA or VEGF-siRNA revealed no differences in the
shape or size of HCT116 or SW480 cells (Figure 2A). Cells treated
with bevacizumab or human IgG had no significant changes either.
Similar results were obtained with SW620 and HT29 cells (data not
shown). Western blots done on cell lysates failed to show
significant differences due to VEGF depletion in most of the
molecular markers (E-cadherin and N-cadherin) associated with
EMT in CRC cells (Thiery and Sleeman, 2006; Yang and Weinberg,
2008) that were assessed (Figure 2B). The transcription factors
Snail, Twist, and Zeb1 have previously been shown to play an
important role in mediating the changes observed with EMT (Cano
et al, 2000; Yang et al, 2004; Eger et al, 2005). Most of these
transcriptional factors were unaffected by the presence or absence
of intracellular VEGF. Only Twist was found to be reduced in CRC
cells depleted of VEGF (Figure 2B). Together, these studies indicate
that the significant reduction in cell migration and invasion in
VEGF-depleted CRC cells is not due to EMT alteration. Similar
observations were made with SW620 and HT29 cells
(Supplementary Figure 3).

Breakdown of cell–cell adhesion is one of the hallmarks of EMT
(Kalluri and Weinberg, 2009). Disruption of the cell adhesion
complex leads to alterations in the localisation of b-catenin and
E-cadherin from their usual membrane-bound positions. Previous
studies have shown that migration of b-catenin to the nucleus is
associated with altered cell migration (Muller et al, 2002; Scheel
et al, 2011). However, immunostaining of CRC cells with
antibodies against b-catenin (Supplementary Figure 4A) failed to
show any differences between control-siRNA-treated and VEGF-
siRNA-treated cells in b-catenin localisation. Similarly, no
significant changes in E-cadherin localisation were observed in
response to VEGF depletion in CRC cells (Supplementary
Figure 4A). We also examined ZO-1, a protein involved in cell
adherence (Anderson et al, 1995; Supplementary Figure 4B).
Immunostaining of these markers did not indicate any changes or
losses in expression or localisation of these proteins in VEGF-
depleted CRC cells compared with control cells.

Motility-associated proteins are negatively affected by absence of
intracellular VEGF in CRC cells. Cell motility is a complex
process requiring interplay of multiple proteins, including
cytoskeletal and cell membrane–associated proteins, specifically
proteins at focal adhesions. As our studies failed to indicate
changes in EMT, we investigated the effects of VEGF depletion on
proteins that are known to affect the function of focal adhesions
and cell motility. FAK has been extensively studied for its role in
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cell migration and angiogenesis (Mitra and Schlaepfer, 2006; Zhao
and Guan, 2011). Previous studies have indicated that phosphor-
ylation of Y925 of FAK is important in regulating cell migration
and angiogenesis (Mitra et al, 2006; Deramaudt et al, 2011). This
activated form of FAK has also been shown to be important in
VEGF-VEGFR-mediated migration of tumour cells (Lu et al,
2012). Our Western blot experiments to probe for pFAK Y925
clearly indicated a strong reduction in the levels of pFAK (Figure 3)
in cell lysates from CRC cells treated with VEGF-siRNA compared
with the same cells treated with control-siRNA. There are multiple

proteins upstream of FAK whose activities have strong effects on
cell motility, including multiple RTKs (Mitra et al, 2005; Mitra and
Schlaepfer, 2006). CRC cells express various RTKs, and we
analysed pEGFR and pcMET in HCT116 cells and pEGFR and
pSRC in SW480 cells, proteins that are reported to affect FAK
function (Mitra et al, 2005). Robust decreases in pEGFR and
pcMET were observed in VEGF-depleted CRC cells (Figure 3).
(pcMET was not examined in SW480 cells because this cell line
does not express cMET.) Also, our observations indicated that
levels of pSRC, a protein that interacts with FAK and plays
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important roles in cell migration, were significantly reduced in
SW480 cells treated with VEGF-siRNA compared with SW480
cells treated with control-siRNA (data not shown). Similar
observations were made with SW620 and HT29 cells
(Supplementary Figure 3), where VEGF depletion led to decreases
in levels of pFAK and pcMET.

These findings corroborate with the effects of VEGF depletion
in CRC cells as described before (Bhattacharya et al, 2016), that
show activation of a yet unknown tyrosine phosphatase on VEGF
depletion. This activation could explain the reduction of active
cMET, FAK, and SRC levels in CRC cells. To establish this
phosphatase mediated RTK inactivation as a molecular mechanism
for mediating cell migration, we examined whether inhibiting
tyrosine phosphatases can rescue the effects of VEGF depletion on
cell migration in vitro. However, treating cells with low
concentrations of Na3VO4, which specifically inhibits tyrosine
phosphatases, not only failed to rescue the effects of VEGF
depletion but also almost completely inhibited cell migration, even

in control-siRNA-treated cells (Supplementary Figure 5), suggest-
ing that pan-inhibition of tyrosine phosphatases is detrimental to
cell migration.

Depletion of VEGFR1 induces strong inhibition of CRC cell
migration. As our previous studies have suggested a role for a
VEGF-VEGFR1 complex in intracrine signalling, we sought to
determine whether depletion of VEGFR1 would inhibit CRC cell
migration, as VEGF depletion did. Indeed, depleting VEGFR1 with
siRNA in HCT116 and SW480 cells led to a strong inhibition of
cell migration (Figure 4A), the degree of which was similar to the
migration inhibition resulting from VEGF depletion (Figures 4A
and 1B). To determine if the kinase activity of VEGFR1 was
necessary for inhibition of CRC cell migration, CRC cells were also
treated with two different inhibitors of VEGFR1, axitinib and
pazopanib, at doses that inhibit VEGFR1 kinase phosphorylation
(Supplementary Figure 6). These treatments failed to alter CRC cell
migration, indicating an intracellular and kinase-independent
function of VEGFR1 (Figure 4B). Further examination also
revealed that VEGFR1 depletion (Figure 4C, left) led to insignif-
icant changes in the EMT markers E-cadherin, N-cadherin, Twist,
and Snail (Figure 4C, middle). However, VEGFR1 depletion
strongly reduced the activity of the motility-involved proteins
pFAK and pEGFR (Figure 4C, right), a finding similar to that in
VEGF-depleted cells (Figure 3). We also noted decreased pcMET
levels in the CRC cell lines that express cMET (data not shown). As
the CRC cell lines examined have very low levels of or no VEGFR2
and VEGFR3 (Fan et al, 2005; Samuel et al, 2011), we did not study
the role of those subtypes in CRC cell migration.

Overexpression of cMET partially rescues inhibition of migra-
tion resulting from VEGF depletion. As our results indicated
that VEGF depletion reduced the activity of pFAK and its
upstream effectors, for example, pcMET, we sought to examine
whether overexpression of cMET or FAK could rescue the effects
of VEGF depletion. To validate that cMET is important in CRC
cell migration, cMET in HCT116 cells was depleted using siRNA.
cMET depletion led to a significant reduction in HCT116 cell
migration (Supplementary Figure 7A). CRC cells transfected with
control-siRNA or VEGF-siRNA were re-transfected with empty
vector or a plasmid capable of expressing FLAG-cMET and were
assayed for cell migration. As expected, VEGF-depleted cells had
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significantly lower migration rates than control cells
(Supplementary Figure 7B). Overexpression of FLAG-cMET in
VEGF-depleted cells, however, significantly increased migration
rates compared with the absence of FLAG-cMET overexpression
and partially rescued the migratory defects arising from VEGF
inhibition (Supplementary Figure 7B).

We attempted similar experiments with FAK. Treating CRC
cells with the FAK inhibitor defactinib (1mM) resulted in a strong
reduction of CRC cell migration (Supplementary Figure 7C),
validating the essential role of FAK in CRC cell migration. To
clearly establish if VEGF depletion-mediated reduction of FAK
phosphorylation affected CRC cell migration, we attempted to
overexpress FAK in VEGF-depleted cells to increase the cellular
phospho-FAK levels and rescue the loss of migration. However,
overexpression of GFP-FAK (Gu et al, 1999) via a plasmid in
VEGF-depleted CRC cells failed to rescue the defects in migration
due to VEGF depletion (Supplementary Figure 7D). Surprisingly,
overexpression of GFP-FAK in control-siRNA-treated cells also led
to severe reduction of cell migration (Supplementary Figure 7D),
suggesting that overexpression of FAK is detrimental to CRC cell
migration.

DISCUSSION

In these studies, we have demonstrated that inhibition of
intracellular VEGF severely affects CRC cell migration and invasion.
These effects were due to inhibition of intracrine VEGF signalling,
not paracrine or autocrine VEGF signalling, as evidenced by the
negligible effects of adding bevacizumab to extracellular media

during migration assays. We have also presented evidence that
depletion of VEGFR1 leads to disruption of cell migration similar to
that observed with VEGF depletion, suggesting an intracellular
VEGF-VEGFR1 complex influencing cell motility and migration.
Also, inhibition of VEGFR1 kinase function by kinase inhibitors had
no significant effect on CRC cell migration, indicating that VEGFR1
kinase activity was not essential in regulating cell migration. EMT
and changes in EMT markers have been described as major players
with strong effects on tumour cell migration; however, we found
neither morphologic changes nor changes in expression of EMT
markers upon depletion of VEGF or VEGFR1. Changes in migration
rates were finally attributed to alterations in the activity of motility
markers (pFAK, pcMET, and pEGFR).

Although extensive studies have been done regarding the
paracrine and autocrine cell-surface VEGF-VEGFR interactions
and their effects on endothelial cell migration, few studies have
explored intracrine VEGF signalling. Studies in breast cancer (Lee
et al, 2007b), myeloma (Vincent et al, 2005) and CRC cells (Samuel
et al, 2011; Bhattacharya et al, 2016) indicate that intracrine VEGF
signalling plays an important role in tumour cell survival. Our
present study clearly demonstrates that VEGF intracrine signalling
also plays an important role in CRC cell migration and invasion.
Our studies with other tumour cell types (Gastric, ovarian and
breast cancer cells: Supplementary Figure 1) indicate that cell
migration may be regulated by intracrine VEGF signalling in a
variety of tumour cell types. Together, our findings support a
general role of intracellular VEGF in modulating migration in
tumour cells of various origins with active intracrine VEGF
signalling.

The role of VEGF and its receptors in endothelial cell migration
has been extensively studied (Koch and Claesson-Welsh, 2012).
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However, the role of these factors in tumour cell migration has
been evaluated in only a few tumour types (Wey et al, 2004; Fan
et al, 2005; Doi et al, 2012; Lu et al, 2012; Sennino et al, 2012). The
current literature suggests that, regardless of cell type (endothelial
cells or tumour cells), VEGF and its receptors regulate cell
migration by signalling events initiated at the cell surface by VEGF
binding to its receptors. In endothelial cells, the effects are direct,
with VEGF-VEGFR2 complexes initiating signalling cascades that
lead to cell migration through activation of p38 MAPK or FAK
(Rousseau et al, 1997). Inhibition of VEGF-VEGFR2 signalling by
VEGF-targeting antibodies or kinase inhibitors led to impaired
endothelial cell migration (Hu-Lowe et al, 2008; Puddu et al, 2016).
In tumour cells, the mechanism is more complex. Studies in
glioblastoma cells have indicated that VEGF-VEGFR2 complex
formation negatively regulates tumour cell migration by inactiva-
tion of cMET at the cell surface (Lu et al, 2012). A mechanism
involving the direct interaction of VEGFR2 and cMET and the
recruitment of protein tyrosine phosphatase 1B to inactivate cMET
was described. In these cells, inhibition of VEGF-VEGFR2
interaction by VEGF antibodies resulted in reduced VEGFR2-
cMET association and finally increased pcMET levels and
migration rates. Similarly, in mouse models, pancreatic neuroen-
docrine tumour metastasis was increased in the presence of anti-
VEGF therapy but was efficiently blocked with anti-cMET
treatment (Sennino et al, 2012). These studies imply a negative
role of VEGF-VEGFR2 complexes in tumour cell migration,
contrary to their role observed in endothelial cells. However,
studies in pancreatic cancer cells have indicated that VEGF-
VEGFR2 signalling promotes pancreatic cancer cell migration that
is reduced by treatment with anti-angiogenic agents bevacizumab
and sunitinib (Doi et al, 2012).

On the basis of our studies, we propose that in CRC cells that
lack VEGFR2, VEGF-VEGFR1 can regulate cell migration through
a completely different and novel mechanism than the presently
described paracrine/autocrine signalling mechanisms. This signal-
ling occurs through an intracrine VEGF-VEGFR1 axis that
regulates the activity of RTKs and FAK by sequestering a yet-
unknown tyrosine phosphatase. Normal VEGF or VEGFR1
expression in CRC cells inhibits the activity of this phosphatase
or phosphatases and helps maintain normal levels of active pRTKs
(pEGFR and pcMET) and pFAK. Depleting VEGF or VEGFR1
leads to activation of the phosphatase or phosphatases that, in turn,
decreases pRTKs or pFAK and inhibits cell migration. Interest-
ingly, contrary to all other VEGF-mediated migration effects
described in endothelial cells or tumour cells, inhibition of cell-
surface VEGF-VEGFR interactions has no effects on the intracrine
VEGF signalling, as reported in this study.

One important observation resulted from one of the negative
experiments performed during this study. In our efforts to prove
that the VEGF-mediated regulation of phosphatase was responsible
for the decrease in pRTKs and pFAK and led to inhibition of CRC
cell migration, we treated control-siRNA-transfected or VEGF-
siRNA-transfected cells with minimal effective doses of tyrosine
phosphatase inhibitor Na3VO4. Similar experiments have shown
that the phospho-protein levels were successfully rescued and often
enhanced in VEGF-depleted cells (Bhattacharya et al, 2016) and
have validated the mechanism involving a VEGF-mediated
phosphatase. However, all cells treated with Na3VO4 to inactivate
tyrosine phosphatases and regardless of VEGF levels, failed to
migrate in the transwell migration assays. This indicated that lack
of dephosphorylation of key proteins may have led to failure in cell
migration. These results indicate and validate the importance of
having the right balance of phosphorylated proteins for different
cellular processes, including cell migration.

It is widely believed that VEGF-targeted therapies primarily
effect endothelial cells, but results from clinical trials have not been
as successful in improving patient survival as expected (Jayson

et al, 2016). Our previous studies have indicated that targeting
intracellular VEGF in tumour cells makes tumour cells more
sensitive to chemotherapy (Samuel et al, 2011; Bhattacharya et al,
2016) and thus may be a novel means of targeting tumour cells
rather than the tumour vasculature. Also, a clinical study
determining the efficacy of VEGF and KSP1 siRNAs showed no
significant toxicity due to VEGF siRNAs in the patients, but one
patient exhibited a complete response, a result that is rarely if ever
observed with current U.S. Food and Drug Administration-
approved VEGF-targeted therapies when used as a single agent
(Tabernero et al, 2013). Our present study indicates that targeting
intracellular VEGF in tumour cells can reduce tumour cell
migration and invasion. These results make a strong case for
possible future use of VEGF siRNAs in combination with
chemotherapy, instead of present anti-angiogenic and chemother-
apy combinations, as neoadjuvant therapy for patients who have
advanced disease.
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